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Abstract.

‘1’11(:  atlnos])ll(:ric r a d i a t i v e  tral)sfm algpritl]nls usd i]] IIlost glol)a] ~cl]cral

circl]latioll  modds  Illl(iclostlill):lt (: the glol):~lly-ti~’c!ragc(l solar (mwgy al)sorbc(]  l)y clou(ly

at)rnos])hmws hy u]) to 25 LV n’ 2. ‘1’11(:  origin of this auo)nalous absoq)tioll  is not y(:t

kllowl~, I)ut it l)as km) attributc(]  to a variety of sources illcludil)g ovwsil~lplifi(x]

o r  ]I)issillg ])hysica] l)rocwms ill t,llosc Ino(ldst ull(:(:rtainti(:s  in the input, data, and

cv(m IIl(!:lslllc]llclltl errors. 1 ]crc, a sopllisticat(x] atlnos])l)cric ra(liatiw  t ransfcr 1110(1(:1

was 11s(!(] t,~ ])lovj(]~ a  lllor~ ~olll])r(!])(:l)sjv(:  (]~s~rj])t,joll  of t,]l(! l)llysical  J)roCWS(!S tll?lt

c(mtril)utc  to the al)sor])tioll” of solar radiatiorl  by the ltartl)’s  at) I)os])l)cr(!.  \4T(~ foul)d

t}lat  tl)(’ a]nol}nl of sul)ligllt, al)sorl)(d l)y a cloudy atInos])hrI(: is invmwly ])rol)oltioll:~l

to t h e  solar z(mitlh angl(’ aud th(’ C1OU[1 to]) hcigllt, and dir(wt Iy ])loI)c)Itic)rlal to t}l(:

cloud ()])tical  dq)th arl(l the wat(’r ~’apor (:c)~)(’c:l)tl:ltiol)  witllill tllc c l o u d s .  Atmos~)l)mx

w i t h  saturatd,  o])tically-thick,  low clouds al)sorl)d about, 12 W n’ 2 mm: tllall

Cl(!ill’ ~tJlll  OS])ll(>lCS. ‘1’his accounts for about 1/2 to 1/3 of tllc aumnal(ms  al)sor])tion.

AtInosl)hcrcs  with o])lically  thick lniddlo and hig]l C1O U C1S usually absorl)  lCSS tllau clear

at)lnos])llcrcs.  Bccausc  watm vapor is conccntratd wit,hi)l  and t)dow tllc cloud lx)l)s, this

al)sorl)cr is II IOSt cfi’cct, ivc at sIIlall solar zenith allglcs. An additiol~al absorl)rv  tl~at is

distril)utcd  at or al)(m)  tll]c clou(] to])s i s  Hw(lc(l  to ])ro(luce tile alnplitudc  and zenith

allglc dc])(vIdcIIcc of the observed auonlalous al)sorptioll.



‘1’1)(’  l’;ill’tll l’(’(”(’il’(’S  al)ollt 3 1 2  l!’ 111 ‘“ fl’olll  (  I I ( ’  S(111. ?l\’(’l’?l/,(’{1  OT’(’1” t  11[’ ~lol)(”  illl(l

OV(’1” tll(’ illlllllal (“~(’1(’. ;fl)oll( 30(X of this (’11( ’1’:J’  (~102 \\? 111-2 , is S(’:lt 1( ’] ’(’(1 l)il(’k to

S])il(”(’ 1)~ tll(’ Slll”fil(’(’ a]l(l 2111110 S]) II(’I’(’. ‘~’11(1 rr]t)aillittg  ‘2~0 11’ III” 2 i s  alx+(nl)r(l ]q this

syst(’ltl. ‘1’11(’  ])il]’titio]li]l~  of this (’11( ’l’py lN’t\IWLII tlt(’ sIIIfdc( aII(l atjl]os]J](w  is 1N)0II%

II II(l(~rst (ml, lI(nv(I\m. III ]mrt i(lllal. mmIt  lII(I:Isli I(IIII(IIIts of i II( I solar flllx al t II(’ sllrf}lc(’

I\II(l at, tllc to]) of tllc at lilos])llrl(” (c{. IJi (’t al., 1996 aIId Ixfmw)ccs  t lImJiII) illdicatc  t 11:11

tll(’ iltll IO S])ll(’1’(”  ?II)SO1’l)S  ilS 11111( ’11 ;1S 98 I\’ 111’ 2, ~~’ltil(’  tll(’ r:)(liativc 11’al)sf(’r ill&ol’illllll  S

Ilsc(] i]) glol)nl g(’llcral  cimllatiol)  llI()(lrls ((;(~lls) ilt(li(”alc }’?1111[’S  I)(’l Iv(’(’l) [)6 all(l 68

}~’ ,,, ~ (All;ill~,  1996). ;\ima{t olH-x’l’\”:\l  iolis (’011 (’(’1( ’(1 Siltllllt  illl(’ollSl~ ilt (lifl’(wilt

;lltitll(l(:s  illS(J S110}!” that t 11P atllloS])ll[’1’C :11) S01’1)S  siglti{icali{ IJ’ 1))[)1’(’ S(llill’ l’}l(liiltio]l t 11?111

(wistillp,  1110( 1(’1s  ])r(’(lict  (I>i(’}vsl;ic  ?111(1 l’:il(’ro. 1 993). ‘J’])(’ lH1’$-?,(’St (liS(’1”(’]  )illl(”i(’S  211’(’ S(’(’11

ill (lOII(IY r(’p,iolls, IYII(II(I ilI(’ tit II IosI)ll(Ir(I a])]wals  t o LIl)sol’1) 11]) t o 50(XI  1I1OIC sunlight

tllilll (ltll(~rlvis(’  (’(~111]):11”:11)1(’  (’loll(l-ft”(’(”  r(’p,iolw. III COIIIIHS[,  IIIOSl IIIodcls ill(li(iit(’ silllilar

al II(JII IIt S of” al)sor])tioll” ill (’IOII(lJ” aII(l cl(Ia I-sk>’ r(’p,iolls. 11(’(”illlS(’ t 11(’ 1:11”/;(:S1  (liso(~l);lll(i(’s

ilw s(I(III ill (.IOII(IY (wll(litio]js,  Iltis ])11(1110111  (111:1  II:I,S C(HJIC to I)(I kIIOJVII as tlIP cloud

~ll)<sf)!j)(iofl ~HloT)lf{ljf  (ll’is(”t)lfllwt 1 99.5;  1 ,i (’1 al.. 1 99[; : (1(’SS  (’t ill., 1993; IIilll) <llliltll?lll  (’t

i l l . ,  199!)). ‘J’11(’ a]r]l)litll(l( of t)lis :11)01 )1}11011S” ill) Sol’] )tioll” i s  llSllilllJr (’X]) I’(’SS(’(1  ill t(’l”lllS

1 II(I II(I1 sIIOIIWW}(” (1011(1  for(il)p,.

(1)

\\ ’11( ’I’(’ c,,, :111(1 C’,<( :11’(’ 111[’ Sllol”l\VilV(”  (“1011(1 forcillgs  tit tll(’ Sill’fil(’(’ (.S’) all(] ;lt tll(’ to])

of” tll(’ iltlIlo  S])ll(’1”(” (f). ‘ 1 ’ 1 1 ( ’ S ( ’  (jlli~lltitics  all’ ol)tailld 1)~ Slll)tl’ii(’lillg  tll(’ Ii(’t fill X(’S fol”

c()-I(N:I1(I(l  cloll(lj”  (0//) aII(l  cleh] (dr) sollll(lill~s. 11’illl this (1(’fillitioll, 1/ (I(wrilws

(“nil Il~(’S ill S01:11”  ill) Sol’] )tioll” 1)~ tll(’ (Illtir(’ (“loll(l\”  (“0111 ]1111, :111(1 l]ot just tll(’ (<1011(1 illoll(”

(1 ,i (t a]. + 1 996).

(ll)S(’1’Villjol)S (“oll(’(”t(’(1  1)~ (~(’SS (’1 :11. (1{19~)), l{illllflllilt  llilll  (’1 ~1. (199 [ ) ) ,  Hll(l
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l)i(wski(’ alI(l \’al(Im (199[ J )  illdical(’ 1211u(Is  (J 1/ IIcal 1 .1) (nw a ral Ig(I of” latit 11(1(%. 111

(’()] Itrast,  tlI(’ ]“:l(liilti\”(’  tl:lIIsf(’1’ al~(}rill]lt]s 11s(’(1  j]] III(R1 (;(;hls fi]](l 1{ N 1  .(), 0111(  ’1”

olw(’1’Vat  iol)ill stu(liw also fi]l(l \Y]lu(Is of 1/ ]Icar 1 . 5  j]) 11)(’ Iro])ics. 1)11( slim’ si~,]]ifi(’allt

sl)at i:ll all(l S(’aS{)lliil  I’; ll’i:lii(Jlls, \\ ’it 11 Solll(’\\’llal IIJIVC)’  Yi)lll(’S at ]Ili(l il]l(l IIigll l:lt it 11(1(’s

( lJ i  (’t ill. 1  W)(i). :~ 1’(’((’]11  a]l~il}’sjs  Cfk)l’t (’\’(’11 j]l(li(”ilt (W Ill:lt tll(’ 21110111 illollS” :Il)so]l)tio]l

js a(’tlla]]y 11101’(” S t  l’oll~]j”  (’(ll’I’(’]ilf (Y] \\ ’jt]l t]l(’ [“()] II JIII1 \vilt (’1’ Vd])ol” ?ll)llll(~:ill(”(’ 1]1?111 (’]011(1

aIIIOIIIIl (}l]killp,. 1  996).  111 all)’ (’:1s(’, t])(w)  lill”~(’ Il]](c’]l:li]lli(s  i]] tllc tiltl])litll(lc  :111(1

~w(ica] (list ril)l]t iolt of” Solill” (’11(  ’1”/,)’ 11:11’(’ ]ais(’(1 (401] (’(’1]1s al)ollt 0111 1111( 1(’]s1  all(lillp, (Jf’ t 11(’

sO1:II  fo](illg, of llt(I cli]tlat(’  sjTsl(I]J).

S(’Y(’1”:11  ])lilIISil)l(’ S0111’(”(’S fol” lllis  ill)oll)illollS” 211)S01’])1 io]l 11:11’(’  1)( ’(’11 ])1’()])()S(’(1, I)llt

i(s ori~i]t lt~ts II{)( )’(’1  lmIII iflrl]lific(l. ‘1’11(’ ]llost (1( ’tail(’(1 ]Ilo(lcli]lg stll(lirs  to (Iat(’ lIn\(I

Ii)(’lls(’(1  011 111(’ (’fli’(’ts (){’ (’1111 }1]]((’(1  ill Hol’])tioll”  l)y (1011(1  lmrli(](w ((~lloll (’t a]. 1995; ljlll)il]

(’t al., 1996),  01 In’ alwo]l)jl]~  ii(’I’OSolS(’  1111)  (’(1(  1(’(1”  \vitl]i]l all(] 1)(’lolv tll(’ (’1011(1s  ( ( f ’ .  IJi

(It a l .  ]996).  (~l)oll (Ii a]. (199L) sll(nv(I(l tlInt Rlol):illy-: iY(:I:ip,(I(l (I(JI1(I fo]ci]l~  ]atios

as laIg(l :]s l.:) arr ol)taill(d  oIIlj’ \\rlI(’11  111(  cl(NI(l ]mlti(lr al)sor])tioll” i s  illcwwcxl l)~r

fil(’lol’S ilS lill’~j(’ ;1S < 10, 1)111 111( I (x)]lstitll(’llts  ](’sl)()]lsil)l(f()]  III(WI l:]lg(’ill(l(’tls(:s  lf(w II()(

S])(’(’ifi(”iill~ i(l(’l)tific(l.  IJlll)ill  (’t :\]. (1996) f’ollll(l tll}~t  11( ’ill’- ill fl’:ll’(’(l (1.6~{111)  iil)SOI”j)tioll”

l)yl:i]g(!i(((]yst;lls  (r > loo//lII)” (O(Jl]l(l:lls()  l)]()(ll]((Ivt  Illl(`s() fl{;lsl:llp,c?ls l.[)f’oislilall

solar z(’]lilll al I&l(’s, I)lli this fo]cill~ (1( ’(”1”(’ilS(’(1 l] Illcll IIlor(”  ral)i(ll~r  w’jtll solar X(’ltitll Hll~l(’

IIlilll tll(’ OI)S(’I’V(’(1  Yalll($. 0111(’1’S  IIlil’(’ ] ) 1 ” ( ) ] ) ( ) S ( ’ ( 1  Ill:lt Cloll(l :Il]sorj)tio]]”  :Illollltll.1” 111~1)’  ~)(’

rclal  (xl to II()]ix()]]tal i]]llo]llo~(’]1(’i(i(’s” ill tl]c (1011(1s, \\’lliclt  ilrc ()]ltitl(’(1 j]) ]t)oii (’xisti]]g

]a(lialiv(’ t]allsf~’1  111()(1(’ls  (SI(IY(IIIS aII(l ‘J’sziy,  1990), lJul this li~rlmtl](~sis lJ:w 1)01 ~’(11 lwcll

(’()] )fil’ltl(’(1.

Allotll(’r ])lilllsil)l(’ ca]]di(lalc for tltis alworl)tio]]  is lv~llm  Yil])ol’. Stilt (’-of-tll(’ all

ra(lia(ivo t]tlllsf(’1”  1]]()(1(:1s  (’IIII)lOJ’(’(1  ill (J(;hls lls(I si]))l)lifi(’(1  ill~,ol”itlllll  S t o  (ol Il])llt(”

llI(J :Ilworl)tio]l”  I)y (Ilis gyls al Jt(~t]]-i]tf];]](’(1 TWIJXIl(IIIgtl  IS (().7 to 3 . 2  ~1111),  l)(IcaIls(I

(x])li(it, s])(’(tl (llll-l’(’soil’i llp, (Ii]tol)}’-lillc)  ]I]ctl]()(ls  arc fill’ too tiltl(’ colisllll]illp,  {’or
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p,lolml (“al(dlllaliol]s a t  Iytlv(:l(’llg,(lls \\rlIrl(’  IJ()(I1 lrttllti]Jl(’s(:]tt(’Iil)~  all(] lil~c ill)Sol”])lioll”

co]ltril)llt(: to tlt(’ (Ixli]tcti(n] (lfsIIIIligI,lI1. hlHIIy ofllJ(w tll~()]itll]]lsll:l~(  IW(III ]wli(lat( ’(]

against  IJJor(I rigo]olw” li]](’-l)y-lillo  It Io(l(:ls for cl(Iar-sl{y  co]l(litiolls, ” 1)111  tli(’ir a(ulracy

i]) (41011(1)”  (()]](liti()]]s i s  lal’:,(’]y  lIII1{I1OJVII. i~llotll(’r f a c t o r  that lIIil~T  (ol)tril)llt(~ 1 0

1]]1(1(’](’stiltltlt(’s  (d’tllc l~al(’r wl]x)l  ill) Sol’] )lioll” ~vitl]ill  (1011(1s  is tlI(I ()]tiissi()]i  of(()]ItilIlll]tII

al)sor])tio]i” Ix’tww]l ]II:ljor lMIII(ls. ‘1’llis alw(]rj)lio]l  is oft(’]] II(!gl(’(’1(’(1  ilt 11( ’ill’-ill{l’ill’( ’(l

}~’a~’(’1(’llg[lls  1)( ’( ’alls(’ it is I“clati}’(’lj’  TV(’?lli. ]I(nv(hxl c(nltillull]ll al)sorj)tioll”  IIligllt ])ln~

d sip) ttifi(’allt 1’01(” wjtl] i]] ](nv (’1011(1s,  IVll(’1 ’(’ 111(’ \Vilt (’1’ Va])ol” (“oll(o(’l ltl’iltiollS” :11’(’ lill’g(’~

illl(l ]I]ulti])l(j  s(’att(’ri]]g (’:1]1 sig]liiica]ltly (’1111 :111(”(’ tll(’ :ll)S()]”l)(’1’  ]Hltlll(’llgt]l. l“illilll~r,

IIlost (l(:taild stll(lics o f  al]ol]l:llolls” al)sorl)tio]l  lla\’(’ 11s(’(1  l)~l(’li~,l’oll ll(l JI’at(’i’ \’a]x)l’

]]lixil]~ ratios  (hl(’(~lilt(”ll CJ’ 1972) ill 1)0111  (’lollclJr all(] Cloll(l-fl’(’(”  illllloS]) ll(’1’(’S (l)i (’t a l . ,

1996; (~lloll (!i al. + 199[)). 1{(’:11  (’1011(1S :11’(’  llSllilll~  S21t111’ilt(’(1  \vitll JVtlt(’1’ V<l])ol’. ‘J’liis

Siltl])l ifi(i]tio]l illoll(” will 1( ’s1111 ill all 11]1(1(’](’stilll:lt(’ of~vat(’1 Va])ol”s (:()]]t]il)ll(i()]l  to {11(’

c1OU(l alwor])tioll”  aIIOIIIalj!.

11( ’r(’. TV(’ 11s(’(1  a S()])llist i(”ilt  (’(1, s])(’(lllllll -l(’sollit]~), :ltlt)(),s])ll(’li[”  l’tl(liilt i~c ll’illl  Sf(’l’

1110(1 (’1 to l)r(n’i(lr a lttor(” ((~]1]])1(’1](’l)sil’(’  tlss(wsII](Il]l  of III(I rol(I of 11(’tll-illf’lill(’(1 }Ynt(’r

I’a])ol alworj)tiol)” ill (o1OI1(IY ;it]iIos])lI(II(Is. ‘Jllis 111()(1(1  (x])li(itly accoIII  Its I’01 :111

ra(li:]tiw’  ])1”()(”(’ss(’s  t h a t  al(I lillo\Yll to (olltril)lll(” to tl]c (’xtil](tio]l of sol;]] ril(li;ltio]i

ill vo]li(?llly-ill llo]]lop )( ’ll(’oils, ])1:111(1-]  ):11:111(11,  s(alt(’ri]ig, ;tlm)i})il]p, :1111 )OS])11(’1’(’,$. 1 1  \Yil S

1 1  S ( ’ ( 1  t o  (“olll])llt(”  111(’ \vil\’(’1(’1l~[ 11-(1 (’])(’11(1(’111 S01:11” il)t(’lisiti(’s ilS i\ fllll(tio]l  ofnltitll(lr i“ol

:1 vilri(’tj’  of (:1( ’/11’  :1)1(1 (:loll(l~  11)() [1(’1 iltlllo S])ll(’1’(’S. ‘J’l I(w r(wlts Iv(’1(I illt(yydt(~(l  ov(Ir

1$’;]v(’1(’]lglll  :111(1 allglc 10 JJi(’1(1 l)olo]ll(:tri(””  sol;]] flIIx(Is 2\II(l l]cali]ip,  Iat(’s.

A(ldhods

‘J’]](’ ]Ilo(l(’li]]g]]l(tl]()(ls  11s(’(1  11(’1(’  ilt(lll(l(a li]t(-1)]’-lj]J(]llo(l(l  fo] ~ilS al)s(jrl)tioll,

si]l~l(’ s(att(:ritl~  al~orjlltlris fol” (1011(1  (1)() ])1(’1s  illl(l i(() cl’~’sta]s,  all(] h s])(’(t]llltl-1(’solvillg

:lt])]os])ll(’]j(:  l’il(li:lll(’(’  1110(1  (’1 tll:ll il](’()]])()l:lt(~s a llll]lti-l(w’c], ]Illlltj-st].(’iilt], (Iis(wtc
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ol’(lill:lt(” al~(lritlll]] (Slillllll(’S  (’t ill. 1988) a]I(l IIi.gl] r(wollltio]l” s]wctral ]Il:l])])illp,]]l(tllo(ls

(h!oil(lo\\rS” ?ll)(l ~hisj,,  1 996). ‘1’11(%(’ 111( ’1110(1s \v(’I’(’  11s(’(1 to gyvl(’1’ilt(’  1( ’v(’l-(l(’] )( ’11(1  (’llt

sylllll(lic SIN(4M at ~vav(Il(HIgll  Is Ix’tlv(wl ().1’2:)  all(l 8.3//111 (1200” 80000 (’111”  1) for :1

\wri(’tJ’  of” CIO1l(IJ”  2111(1 (’1(’211’ 1110(1 (’1 iIllllo  SJlll(’1’(’S. ‘J’]](I li]i(-1}~-lil](’  IJJ()(l(I1  mws uw(l to

p,(!ll('l':lt (`lll(jIl(}(olll'(  )111:~1  i("~ilS ill)S()l']Jli(Jll c(wfli(i(litsf’orl  lY(), (;02+ ():~, Xzo, (~llj, (~(),

illl(l 02 ill 6’2 1( ’\ ’(’l S 1)( ’t\l’(’(’11  tll(’ Sill’f’il(’(’ tlll(l 801 <111. ‘J’l!is  ]11()(1(11 (I]]I])loys a]] (Ifli(i(llt,

l]]lllti-~ri(l  alp)oritlllll  Illilt (“olll])l(’t(’l)r I’(W) IY(’S tll(’ (01’(’S ofg:ls al)sorl)tioll  lili(’s ilt :111

atll](wj)l)(’ri(.  I(Iv(’Is, all(l illclll(l(’s tll(’ii (“olftlil]l]iiolls” a t  lill’~(’  disfa]]ccs (] 000”  (“lll” ‘ )

f’rolll tlI(I IiIt(’ c(If Il(Irs (c. f’. ll(I:Ido\\’s alI(l (lis]), 1996). 1120 (x)lltilllllllll :~l)sor])tioll” Tvils

ilt(lll(lr(l  (’x]) li(il l)’ l>y llsillp, 11](’  f’ar-\~illp,  lill(’ sll:l])(~ f’llll(”tioll l(I(olt)]tl(I]I(l(I(l  I)j’ (~loupjl (’t

;11. (1989).  ‘1’() (l(l(rltlil)(’  III(J (f[’(xts  of ’this (olltilllllllll, a s])(’(ial s(’[ of 11)() alworj)tiolt”

((w fli(i(’llts }V(’1(1 p,(Ill(IliIt(’(1 \Vitll a 2-) (111” 1 lilt(’ (’111 -(jfl”.  IJilt(’ ]Mlaltl(’1(’l’s  }! ’( ’1 ’(’ ol)tilill(’(1

f’l”olll  tllc IIlrl’l{}lh’ 96 (latal)as(’ (I{othlllall  c1 a l . 1992). ‘1’11(  sillp,l(-s(tllt(  ]i]lp,()])ti( ill

])]()]w]ti(w ofli(jl]i(l \Yal(I] (1)()])1(’ts IV(’1( ((JIII])lI1(I(l  Iyitll ~1 Nli(’ scattwillg  11)() (1(’1 ( ( f .

M(a(l(nvs  dlI(l (his]), 1996). Ci]]lls  (.101](1s }V(’1(’ ]):il’illll(’t (’l”i Y,(’(1 as ])oly(lis])(’lsiolis” of”

ll(’Xtl~)ollill  (“1’~Stills ,  alId tll(’ir  ()])li(al l)rolwrti(’s M’(I1(I (l(>ri\wl usiltfi g(wlll(’iric ()])ti(s

(Rlllilloll(’11 (It ill. 1989). ‘1’11{’ li(jlli(l  }\ ’ilt(’l’  illl(l i(() r(’fracti\(’  ill(li(w  JY(’I’(’  ol)tilill(’(1

froIII S(’p,(’lslcill  [1981) a]l(l IY:III(III,  (l{lS-l),  1( ’s])(:(liv (l)’. ‘1311(1  l]lo(l(’ltlt(’ -l(sollltioll  solar

s1w(411111)  co]t]l)il(’(1 l))’ C . lY(’lllli (IY(H{I) l’lll)li(atioll  S(vi(’s No. 7, l\’Nlo I’I’1 )-X().

11{1,  ])]) 11{) -126, ()((()1)(11 1986) ]V:IS lIS(I(I fol all si?tltll:lliolls. \\ ’21\’(’1(’11~111 -(1( ’])(’ll(l(’111

Sill’f’a(’(’ ;III)(’(lOS f’ol” il lllo(l(’I’~lt(  ’1)”  l’oll~ll ()(”(’ill] Sill’f;l(’(’ (().()3 < (1 < ().()7) }1’(’l’(’ 1] S(’(1 fol” ;111

silt]lllatiolls.

‘1’11( hl((l Nt(lI(Iy  (1972) l~li(l-latilll(lc  SIIIIIIt)(Ir (jllljS) ])rofil(” was 11s(’(1  ill al]

(Jx]miltl(!llts  ])r(w]lt(’(]  lI(Ir(I. ‘1’11(1  IIolititi}ll hll,S /;:]s ltlixilig];ltios~v(’lc  Ils(I(l for all  f,as(w

(IX(V])l f’()] 1120. ‘J’)](I  NII,S lVill (’J’ \’i]j)()] ltlixi]l~ ratios IVC](’ 11s(’(1  OII])r fo] 1])(1  (+]oill-s]{)”

illl(l “1)]’)’” ( ’ 1 0 1 1 ( 1  sil]llllatiolls.  1{101” {11(’ %ltllrat(’(1”  (1011(1)”  c:~srs. tllr  JVNt(I]  va])or ltlixillg

l“iliioS \V(’1”(’ ill(was(’(] fo tll(’il S i l t  lll’illioll  Yalll[% ~vitllill tll(’ CIOI1[IS. ‘1’11(’ (’1011(1}”  1 1 ) ( )  ( 1 ( ’ 1



al Illos])ll(’1’(’s i?l(”lll(l(’(1  :1 sill~l(’+ ])l:l]l(’- ])ill’all(’l  cil”l’lls (0 .1  < 77) .< 10, 7 .< 2 < 1 0 1  { 1 1 1 ) ,
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1.()  < 2 < 3.:)1(111)  ( ’ 1 0 1 1 ( 1  lay’]’. N() :I(JIOS(JISJV(J](I  i]iclu(l(~(l ill 11)(Is(I cill(’lllatio]ls.  lia(liali(v
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illl(’p,l’ilt(’(1  OV(’I zcllitll :Illp,l(’ to )i(’1(1 (’stilt latcs of tll(’ p,lol):lllj’-:lv(’lag(’(l  valll(’s. ‘J’11(’

]tIo(l(Il atlll(w])l)(ww \\wv (livi(l(~(l into 61 laj(Im 1)(’llv(w] 111( I sllrfaw all(l 80 1{111,  al](l

Itl(li:ill(w  \Y(w g(Ill(Irat  (’(1 for .4 to 16 x(’llitll al I~l(Is :It (Ia(lI l(Iv(I1.

(;lol)illly-iil’(’I’:  ip;(’(1, l)ololl)(’tli(sol~]l  flllx(w for hll)$  al II](w])l  I(Ir(Is \\itll alt(l \\’i{lt(Jlll

clou(ls aw slI()\v]I ill l“i~llr(’ 1 . ‘III(I (Ii fl”(ml(w lwt\v(wI III(I ])rt fluxes ill cloll(ly all(l

(“l(’al’-Sl{~ (’:1S(’S  ill’(’ Sllo\vll ill l’igllrr  2. 111 th is  ]mrli(:lll:lr  (’xalll])l(’, Ivlli(ll illllS1l’ilt (’S

tll(’ (! fl’(x”ts  of” IIlo(l(’1’at(’ly tlli(”l<  (41011(1S,  111(’ 1:11~(’st lx)sitiv(’ Sllol’tJYill’(”  (1011(1  r:l(liati~c

for(illgy ill’(’ ] ) 1 ’ ( ) ( 1 1 1 ( ( ’ ( 1  l)y ?111  :1{1110S])11(’1(”  lritll a si))glc, IIolizollttlll>-llllif  oll)l, satlllat(’  (1,

Sll”ilt  o(”llllllllll  S (SCU)  (“1011(1 (l(’(’l<. ‘J’llis  al II Ios])lI(II(I al)sorl)s  -JI[) I?’ 111  2 IIIOIC  slllllip,llt

111;11)  1 1 1 ( ’  (’1(’ill”-Sli~ (“ilS(’  ~lt 1( ’\ ’(’l S ill)OV(”  tll(’ (“1011(1 1);1S(’, 1)111  i t  alwo]”l)s al)ollt Y.O

\4’ 111”  2 I(WS 111:111  111(’ (’1(’:11’  [11)110 S])1](’1’(” 211 allilll(l(+  1)( ’lo\% tll(’ (“101I(I l)ilS(’j 10 jriel(l ii 11(’t

allll(vi])l](’ric clo(](l f’orciilg of” aljollt t’.:) }1” ]tt ‘. \\’ilt(’J’ \“?l])ol”  (ilJJ(] 10 il ](’SS(’J’  ( ’ X ( ( ’ l  I t ,

li(]lli(l \Viit (’1’) alworl)tioll” \Yilllill  11]( (4101J(I  ac(oll?tls f{)] ltl(wl of 111(’ ad(litiol]d] flllx

(ii\’(’lp,(’11(’(’ ill (“loll(ly :Itlllos])ll(’1’(’s. .~t ](lv(’]s\vit]lill i]l(’(](nl(ls.  ]11()(1(1 at]ri(jsl)]i(’r(’s \\’it]i

$iiltlll’:lt(’(i (’1011(]S  ill(’]11(](’ :l~)ollt ~()(x Jllol’(”  \Yllt  (’1’ V?l])ol” t]l:lll  t]l(’ “lh’y” (“1011(1  (“21s(%,  all(l

ill) Sol’1)  ~ll)ollt 1 .[) 11’ III ~ 11]01”(” ra(liillio]l. \\ ’tIt(’] Jtll)()]  (olltil)lllllll  alworj)tioll  colltril)ut(w

O]lly almllt 1  W’ltl 2 ill l)otll tlI(’ cl(Iar aII(l clo Il(ly caws. l:ip,llw 3  sl]mvs Illat tl]ill.

Satlll’nt  (’(] illtostratlls (As) all(l S1l’:lt  o(’lllllllllls (s(1) (’1011(1s ])1’()(111(’(’ ]21J’~(’1”  (’1011(1 f’(wcillg

ratios tllall tlli(’1i(’1’  (“1011(1s  (lil((~ tll(w (l(wlilml ill l’ig(lr(w 1 all(l 2 ) .  ll(ni’(’\r(’lj this i s

]i)J’~(’]J’  i)]) ill’tif’il(’t oft]l(” (1( ’fill itioll 01” )/, S i l l ( ” ( ’  ~~,,~  lrillliSll(% f’OJ” (]lill (“lOII(]S. ]“ip,lll’(’ ‘1

S]lo\VS t]l:lt t]li(”k(’J’  ( ’ ] 0 1 1 ( ] S  ~1(’fllil]]~’  :1])  S01’])  Jllol’(”  Sllll]ip,llt.
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111 ~ol)(’l’ill,  J!’(’  fill{] ll)i)i 111(’ illllollllt  of’Sllllli~lll ;ll)SOI’1)  (’(1 l))’ ( ’ lo l l ( l )”  illllloS])ll(’1 ’(’S is

illv(~rs(~ly ])l’()] )()1’ti()llill to tll(’ S01:11” relit]]  illl~l(’ illl(l tll(’ ( “ 1 0 1 1 ( 1  t o ] )  11(’igllt. illl(l (lir(~(lly

])l’()]  )()1’li()llill  to tll(’ (“1011(1 ()]) Ii(”ill (1( ’])111 illl(l tll(’ \\”ilt(’1’  Va])ol”  IIlixil)g ratio witllill tll(’

(“1011 [1. ‘1’1)(’ ~lol)illl ~-il\’(’l’il~(’(l  i)l)Sol’J)tioll”  ill iltllloS])  ll(’1’(’S  ]vitll Siltlll’dl (’(1. ()])ti(:lllj’-tlli(]{,

10JV (’1011(1S (“ill)  (} S(”(’(’(l 111(’  (“1(’?II”  Slij’ ill) Sol”] )tioll” 1)~ 11]) to 12 \\’ 111”2 (1’ip,llr( 1).

}~lllloS])ll(’1  ’(’S \vitll ()])li(”illlJ’  tl)i(’li IIli(l(ll( all(l IIisl] (’IOII(lS llSll:lll~’ ill) Sol”l)  1(!SS Illilll ( ’ l ( ’ i l l ’

iltll)OS])ll(!l’( ’S, 1)111 JVill(  ’1” Yil])ol” ]vill]ill illl(l 1)(  ’ lo\% ()])li(”all~-t  hill (7 < 1), s;~tlll’:lt(’(1.

i n t o  Stl”iltll  S lilj”(’1’S (’iIll (’()] lt]il)lltc  1 to 3(XI  IIlol”(”  ill) Sol’l)tioll”  (w? \\’ 1112)  lllilll tllilt

])1’()(111(’(’(1 1)~ (“l(’ill’ Slii(’S. 11( ’(”illlS(’  tll(’ \V?\t  (’1” Vil])ol” (oll((lltl:ltiolls”  ill’(’  11 S11:111>’  ~l”(’ilt  (’St

}vjil]i]] ill)(l lX’l(N\’ tll(’ (<1011(1 to])s, \\ ’11( ’l’(’ S(”illt(’1’illg, 1’(’(111(’(% tll(’ i]lt(vlsity of tll(’ Solal”

~lllx, t h i s  collstitll(tlt  allvd)s ])l(xlu(w]  its stroll~(st al)sor])tioll” for sllldll sol:lr x(’llilll

illl~l(lS  (1’ip,llr( G. }~11 :I(l(litiollill ill) Sol”l)(’1”  tllilt is (’011 (”(’1lll’/ll( ’(1 ill 01” ill)OV(” tll(’ (’1011(1

10])S is 11( ’( ’(1( ’(1 10 ])1”()(111(”(’ :) (“1011(1 Sl)[)l”tl!’i)l’(’  f(nrill~ Illill is 11)01’(”  ill(l(’]x’ll(l(vlt of Solil l””

z(vlitli illl~,l(’, lili(’ tllilt O1)S(’I’I’(’(1.  ‘ 1 ’ 1 1 ( ’  \V(’illil~-ill )Sol’l)ill~, ll]lifollt)l~’-ll]ix(’(l, l)il(”li~,l”olll  l(l

tl’()])  () S])ll(’l’i(” i\(’I’OSolS,  ” \vlli(ll  Iv(’l”(’  ()]llitt (’(1 flx)l]] tlI(w’ Sil)llllillio]ls, llli~llt 1)]()~’i(lc t h i s

ol)il(”ii  j’.



Arkil)u, .\., 1 9 9 6 :  }Il)st)r])tit)ll of’ solar mIcI~y ill tlIc allIIc)sJ)lIcrc: IJiscw])allcy  l)ct\\wIII

Itl(Nl(Il al](l ol)s(’l\~ltiolls,”  ,$(i(vl((.  2Y;). iH-T82.

(1(’SS, 1{. 1). (:/ (Il., 199[): Alwor])tiol]  of Sol ill’” la(liatioll  l)y ( “ 1 0 1 1 ( 1 S :  ol)S(’I’\’illi ollS”  Y(’I”SIIS

IIlo(l(’ls, ,9cirv/c~, 267, 19(;-19!1.

(~lloll, h~. 1)., rt a l .  1{19[): ‘J’lir dk”t Ofclt)ll(ls olI al]tlos])lleri(  al)sor])tiol)  ofsolar”

la(lialiol),  [;(:f)J)/I?y($. Ii’(:<$. 14//., 22, 188[) - 1 8 8 .

(~lollgll, S .  .!., (’t :11.. 1989: IJill(slla]w all(l tll(’ Irat(’]’ Vil])ol’(  ’O1ltilllllllll, ” Af?t{. 1/(!$’.,  211,

~’y).~j J .

lji, Z. illl(l 1,. hlol’(’illl, 1996: Alt(’]’illioll  of allllosl)l](’ri( Solill”  l’il(liiltioll 1)}’ (“1011(1S:

Sill)lllat iol) aII(l  ol)s(’rvatioll,”  ,1. A])j)l. AIci., 33, K)3-G70.

IJlll)ill, 1)., .1.-1’. (~11(’11,  1’. I)i(’lYSlii(’. \ ’ .  l{~llllilllili ll;lll, ;1]1(1 1’. .1. \’ill(’l’(),  1996:

N’li(]’()]) 11) ’si(ill (x~ll]li]]atio]l  of” (’X(’(W (’101](1  ill) SO1’])tioll”  ill 111(’ trol)i(:il  :1(1 II(H])lI(’1’(’,

,1. {:(’()~i]l~]c~.  ]{(8s. , Iof. 16961-1697?.

h’1(’(;lilt(’1l  (’~, 1{. (’t ill., 1972: ol)tical l)rol)(’]ti(ls  oflll(” :lt]IloS])  ll(’1’(’, lhll)il”()’)1.  1((!s. l’(lp(!r

/11, 110 ])]).

Nl(’;I(lo\vs, 1’. S. aII(l 1). (;lis]), 199[i: (Jl”ollll  (l-l lilS(’(l  Noill’-l  llfl’ill’(’(l ol)s(vvatio]]s”  of t 11(’

\’(IIIIIS Ni~l]tSi(l(’, J. (J(oj)}):iys, II’(s., 101, .1[)9!)-16’22.

Il!llillo]](vl, 1<., (’t al., 1989: IJigl]l SC:\t t(rillp,  1))’ l’illl(lollll~’-ol’i(  ’lll(’ (l” C1’~’St i\lS, Aj)])l. ()/)1.,

28, 30 !1- 30:)().

1 ‘i(nvski(’,  1‘. a])(l 1“. 1‘. ,1. l’al(w, 1995: 1 )iwct olwrvalioll  of (Ix(ws solar alm)r])t  ion I))r

(“1011(1S,  ,f’cic?l(:(:,  26Y, 1 (i26-1 629.

1{/11 Il:lllat 11:111 (:1 ( 1 1 . ,  1 9 9 5 :  lf’tll’111  ])()()1 11(’iit  l)ll(lp,(’t tlll(l Shol’t\\’il\’(”  (’101](1 forcill~,: ;1

IIlissillg ])11}’si(s’i  ,f’(:ic71  (x, 26Y, .19$~)03.

l{otlIIIl}~~I, 1,. S., (:1 (({., 1992: ‘1’11(1 111’I’l{;IIX  1 I I o l ( K ~ I l a %  (latal)aw: JIklitiol]s of 1991 all(l

J 992, ,1. QU(HIL S])ccimw. l{(I(li(Ii. 7hsiI,sjcI, ~$ 4 6 9 - 5 0 7 .

S(J~(’lst  (ill, 1 )., 1981: ‘1’1](’ coIII])l(Ix  r(’fract i~c ill(l(w of Hal (II”, N1.S. ‘J’llcsis,  ll]livcrsify  of



●

✎

10

MiSSolll’i-l{iill S:lS c;ity.

sialllllcs,  K., (’t al., 1988 :  Nlilll(’ii(!allv  st al)lc alp,orit lilt) for (Iis(l(’1(’  -ol(lill;  it (’-

]II(ItlI()(l l’il(liati\  ’(’ t ]/I] Is f’(1] il) ]])1111  ij)lc scat t(’]ill~ a]I(l (J]]lit ti]lg lajwr(l  ]tl(’(lia,

flp)d. (Jd., 27, 2:)02-2:)09.

\l’aIwII,  S., 1981: ol)tical col)sla]ils  of icc fIolII t II ( I u1l raliol(’t t () t lic ltli(r(mwlr(’

A @ .  <}])i. , x?, lx)(i-~z?[).

\l’is(wllllw,  IV. .1., 1995: Atltlosl)ll(:ri( ])llysi(x: A I  I  :ll)sorl)ill~  II Iyst(Iry,  NfItv7c, ~J’Y6,

l(i(i-l C7.



11

f)

0.001 -
/’ I;

- - - - -  -
. . . . . . . . . . . As  -I: 10
_,..  -..l-.. (ir ‘,: 3.00.010 –

.“

0.100 2 i )’ i
i /’ 1“. .

/

. . .

0 ?0 ‘lo Go 80

F ~ ( W / m ’ )

Figure 1 . (;l{)l)ill ilV(ll’ii/!(’  ill llloS])ll O1’i(’” II(It flllx(’s ((lcfiild 1))’ Slll)tl’:lctillp,  tll(’ II(’1

(lo\ Vll\Vill’(1  fill X ilt 111(’  Sill’ftl(’(’ f’1’olll  111(’  fill X ~lt (’il(’11  1( ’V(’1) fol” ii (“l(’ill’ 111 ,S ;It 1110 S])11(’1’(’,

a]I(l for at] II(w])l I(IIw  ~vitll a  siIIgl(I (:irrIIs ((~ir) , Allos(l”all]s (As), 01” S1l’ato (11111111111s
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